A pproximately 30 million Americans have diabetes, half of whom will develop diabetic peripheral neuropathy (DPN). 1 Diabetic peripheral neuropathy causes reduced mobility and quality of life due to pain, sensory loss, impaired balance, foot ulcers, and fallrelated injury. [2] [3] [4] There are no proven pharmacologic approaches to reduce DPN risk or slow its progression. 5 Treatment for DPN primarily focuses on symptom management and improved glycemic control, 5 although several large studies have failed to demonstrate an effect of intensive glycemic control on neuropathy. 6 A growing body of evidence suggests that physical activity is a promising therapeutic approach that may improve symptoms and enhance peripheral nerve regeneration capacity. [7] [8] [9] Sedentary behavior, defined as seated or recumbent postures without increased energy expenditure above the resting level, is associated with multiple metabolic risk factors, including increased waist circumference, high lipid and cholesterol levels, decreased glycemic control, and increased blood pressure. 10 -12 Recent small trials suggest that behavioral counseling designed to reduce sedentary behavior can have reduce sedentary time in both healthy adults and patients with diabetes. 13, 14 The Activity for Diabetic Polyneuropathy (ADAPT) study proposes to combine exercise with approaches to reduce sedentary behavior. The ADAPT study will randomize people with DPN to either an intensive lifestyle intervention with moderate-intensity supervised exercise, sedentary behavior counseling based on actigraphy data, and dietary counseling or a standard of care counseling group to examine the impact on DPN progression and quality of life. This single-blinded study will randomize 140 participants with mild to moderate DPN at 1 of 2 sites, the University of Utah and the University of Kansas Medical Center, and follow them for 18 months. We hypothesize that improvements in both neuropathy progression and quality of life will be observed in the intensive intervention group compared with the standard group.
The progression of neuropathy will be determined via skin biopsy with measurement of intraepidermal nerve fiber density (IENFD) at the distal thigh, which is a reliable and validated direct measure of small nociceptive fibers in the skin. 9,15 Quality of life will be assessed via the Norfolk Quality of Life-Diabetic Neuropathy (NQOL-DN) scale. 16 A secondary aim of the study will be to evaluate the minimal clinically important difference in IENFD by evaluating the relationship between change in IENFD and change in NQOL-DN scores, as well as change in the participantreported measures of pain, sleep, and general health. In addition to the primary outcomes, multiple other secondary outcomes will be assessed for potential change during the intervention. These secondary outcomes include neuropathy signs and symptoms (including pain), measures of physical function, sedentary behavior patterns, and other relevant health measures. Outcome measures will be assessed at baseline, 9 months, and 18 months.
The ADAPT trial protocol presents a unique opportunity to examine sustainable, meaningful improvement in participant-centered outcomes with a comprehensive intervention. These results could have an immediate impact on the physical therapy treatment approach and selection of outcomes for people with DPN.
Method Study Sites
The ADAPT study will be conducted at 2 academic medical centers: the University of Utah (Salt Lake City, Utah; lead site) and the University of Kansas Medical Center (KUMC) (Kansas City, Kansas).
Study Design
ADAPT is a single-blinded randomized controlled trial comparing the effect of an 18-month intensive lifestyle intervention with that of standard of care. Randomization will occur using a 1:1 allocation ratio following confirmation of eligibility and completion of all required baseline procedures. Randomization codes were constructed using an interactive Web response system created in a Research Electronic Data Capture (REDCap) project. 17 Random permuted blocks were established to ensure balanced randomization over time with stratification by study site (Kansas and Utah), age (30 -54 years and 55-70 years), and body mass index (BMI) (Ͻ30 and Ͼ30 kg/m 2 ). The stratification cutoffs for age and BMI reflect anticipated median values.
Recruitment Methods
Both study sites will recruit directly from neurology clinics, through referral at other clinics, and through study information disseminated to the community. The specific recruitment strategies will differ at each site to take advantage of local recruitment resources, including research participant registry programs.
Enrollment Criteria
A total of 140 participants will be enrolled and followed for 18 months. 19 Participants also must identify a primary care physician or provider who will be responsible for managing changes to medication or other medical concerns that might arise during the study.
Exclusion criteria are: (1) any alternative cause for peripheral neuropathy, including abnormal serum vitamin B12 or serum protein electrophoresis and immunofixation, or family history of nondiabetic neuropathy; (2) history of foot ulceration or amputation; (3) contraindications for skin biopsy, such as use of anticoagulant medications, severe lower extremity edema, or other condition that would limit healing; (4) any serious medical condition that might shorten the life span, prevent completion of a graded maximal exercise test, or hinder adherence to exercise; (5) obesity of sufficient severity (BMI Ͼ45 kg/m 2 ) to limit exercise equipment use; (6) premenopausal women who are pregnant or who plan to become pregnant during the study period; (7) diagnosis of hypothyroidism without adequate thyroid hormone supplementation; and (8) unwilling or unable to adhere to study procedures.
A standardized, graded maximal exercise test will be performed prior to randomization to ensure sufficient exercise tolerance to safely adhere to the study intervention, to obtain baseline peak volume of oxygen update as an outcome measure for aerobic fitness, and to individually prescribe exercise intensity during the exercise intervention. The exercise test will use a recumbent stepper (T5 XR , NuStep Inc, Ann Arbor, Michigan) with a metabolic cart (TrueOne 2400, ParvoMedics, Sandy, Utah) and integrated electrocardiography under physician supervision. This test has been used previously and validated in a similar population. 8,20 -22
Intervention Procedures
Eligible study participants will be randomized to the standard of care control group or the intensive intervention group using the allocation methods previously described. There will be no prohibited interventions (eg, concomitant activity, medication changes) in either group during the study aside from enrollment in another investigational clinical trial.
Standard of care counseling intervention.
Participants in this group will receive diet and activity counseling at baseline and at 9 months. A 20-minute standardized nutritional counseling session will be provided by a registered dietitian following ADA guidelines. 5 During this session, the results of body composition, blood tests, and 3-day food record will be reviewed, and standard handouts will be provided.
Participants also will receive a 20-minute standardized activity counseling session with a physical therapist. During this session, current activity levels will be reviewed and information about the ADA exercise goal will be shared (150 minutes of light aerobic exercise each week). 5 The Be Active Your Way: A Guide for Adults booklet 23 will be provided, with guidance and recommendations for the appropriate activity stage for each participant. At the end of the study (ie, after the 18-month assessment), standard counseling intervention participants will receive a personal activity tracker wristband (Vivofit, Garmin International, Olathe, Kansas) for their personal use and to keep after the study.
Intensive intervention.
Participants in this group will receive supervised exercise training, actigraphy-based behavioral change counseling directed toward reducing sedentary behavior, and individualized dietary counseling. Table  1 provides an overview and timing of each component in the intensive intervention over the 18-month study period. The study teams will have the flexibility to customize the intervention to increase adherence and maximize safety based on individual participant needs.
Supervised exercise training sessions will include aerobic exercise, resistance exercise, and balance exercises. At the beginning of each session, resting blood pressure, heart rate, and blood glucose will be assessed. At least once per week, a visual foot examination will be performed by the study team to ensure the absence of developing foot ulcers or other skin conditions.
The intensity of the aerobic exercise will be individually prescribed based on the results of the graded peak exercise test. Heart rate reserve will be calculated as the difference between peak heart rate during the test and resting heart rate. The aerobic exercise goal will start at 30 minutes of a heart rate representing 50% effort using the following formula:
Heart rate at 50% effort ϭ (50% ϫ heart rate reserve) ϩ resting heart rate The supervised aerobic intervention will be gradually progressed in duration from 30 to 50 minutes and in intensity from 50% to 70% effort over the first 7 weeks, then maintained for the remainder of the study.
Resistance exercise will include 3 strengthening exercises for the upper extremities (biceps curl, triceps extension, seated row) and 3 strengthening exercises for the lower extremities (partial squats, standing abduction, and heel raises). An estimate of 1-repetitionmaximum (1RM) for each exercise will be determined during weeks 1, 6, and 10 and as indicated through the remainder of the study. The resistance will be gradually progressed from 2 sets of 15 repetitions at 40% to 50% of 1RM to 3 sets of 15 repetitions at 60% to 70% 1RM.
Tai chi exercise will be used as a warmup/cool-down activity during each session to promote improved balance responses. A poster illustrating several tai chi movements will be provided for reference, with supervision provided by the study team for safety and guidance about correct form. The duration of tai chi will be 10 minutes each session.
A customized home exercise program will be provided starting at week 2 to increase physical activity at home. In general, this program will be progressed from an initial walking program at 150 minutes per week to gradually introduce strength and balance exercises. At week 12, when supervised exercise sessions are decreased to one time per week, participants will receive a personal activity tracker wristband (Vivofit, Garmin International) for their personal use during the study and to keep after the study. This tracker will be used as a motivational tool to set and monitor individual activity goals during the remainder of the study.
Initial counseling to reduce sedentary behavior will be based on 7-day actigraphy data. Each participant will wear a small inclinometer (activPAL VT, PAL Technologies Ltd, Glasgow, United Kingdom) taped to the skin of the anterior thigh to monitor activity. A report on daily activity and sedentary behavior patterns will be reviewed during the counseling sessions using an interview guide (Appendix) developed through a review of literature 24 -26 and beta tested with several older adults. The intent of the counseling sessions is to integrate information about quantity and timing of sedentary activity with individual contextual determinants of sedentary behavior.
After the initial counseling session, participants will wear the activity monitor with an additional feature that is not part of the initial data collection period, a vibrotactile reminder that will activate after a set period (eg, 20 minutes) of sustained seated or lying time, to prompt them to stand or walk. These vibrotactile reminders will be worn for 7 days once each month or every other month (Tab. 1); data from each of these 7-day periods will be reviewed with participants during subsequent counseling sessions to develop goals to encourage additional reduced sedentary behavior.
Individualized dietary counseling sessions with a registered dietitian will be provided twice each month for the first 12 weeks and monthly thereafter. The objectives of these sessions are to recommend dietary changes based on the personalized diet analysis; encourage daily food tracking; and work toward goals of improved blood glucose, improved body composition, and nutritional support for physical activity through a wellbalanced, healthy diet.
Outcome Measures
Study team members at each study site who are performing clinical examinations and assessing primary outcomes will be blinded to treatment group and baseline data. Only nonblinded study personnel have access to the REDCap data system, where the group assignment is determined as described previously. Prior to each return visit, participants will be reminded about the importance of blinding the assessors to group assignment. Unblinding may occur in case of medical emergency after discussion with the medical monitor.
A schedule of study events, with a comprehensive list of outcome measures, is provided in Table 2 . Several steps have been taken by the study team to promote consistency of data collection, including the development of an extensive assessment protocol guide shared by the 2 sites with identical forms and instructions for all tests and practice and competency assessment training of assessors at both sites.
The ADAPT study has 2 co-primary outcome measures. Intraepidermal nerve fiber density at the distal thigh will be used to objectively assess neuropathy severity, and the NQOL-DN scale will be used to evaluate the effect of treatment on quality of life. Intraepidermal nerve fiber density via skin biopsy is a direct measure of small nociceptive fibers in the skin, which are preferentially affected by early DPN. 27 Although these small unmyelinated axons may be particularly vulnerable to pathology, they also have greater regenerative capacity than large myelinated axons. 28, 29 Commonly used clinical scales and surrogate measures (eg, nerve conduction studies) primarily assess large axons and do not change appreciably in early DPN. 30 Our previous studies 9,31-33 have indicated that IENFD is reliable and responsive to change with lifestyle interventions in people with diabetes.
A 3-mm punch skin biopsy will be performed at the distal lateral thigh, 10 cm proximal to the superior margin of the patella. Tissue will be fixed, processed, and stained with protein gene product 9.5, and IENFD will be determined at the University of Utah Cutaneous Nerve Laboratory using established methods and criteria for counting fibers. 15 The NQOL-DN scale 16 is the other coprimary outcome measure. The NQOL-DN was developed specifically for people with DPN, and this participant report measure contains small-and large-fiber subscores that are individually responsive to symptomatic pharmacologic treatment. Participants will be asked to complete this questionnaire during the assessment sessions. 16
Data Analysis
Data management. Study data will be collected and managed using REDCap electronic data capture tools hosted at the University of Utah. 17 REDCap is a secure, Web-based application designed to support data capture for research studies. The REDCap system provides an interface for validated data entry, audit trails for tracking data manipulation and export procedures, and automated export procedures for data downloads for statistical analysis.
Sample size calculations. The preliminary analyses of longitudinal IENFD measurements among participants with DPN in our previous studies (unpublished data) indicated a mean IENFD slope of Ϫ0.98 per year, with an adjusted standard deviation of 1.03 per year after controlling for baseline IENFD. Using these estimates, 112 participants will provide 80% power with a 2-sided ␣ of .05 to detect a 50% reduction in the mean change in the IENFD over 18 months. Allowing for a 20% attrition rate at 18 months, 140 participants will be randomized.
Assuming a 14-point standard deviation for the change in the NQOL-DN total score based on previous research, 34,35 112 participants will provide at least 80% power with a 2-sided ␣ of .05 to detect a difference in the mean change of the total score of 7.5 points between the treatment groups. This power calculation is conservative, as adjustment for the baseline NQOL-DN total score in the statistical analysis can be expected to lead to a smaller detectable effect. 
ADAPT Study Design and Protocol

Statistical analysis.
Longitudinal mixed-effects models will be applied to continuous variables (eg, IENFD) to compare mean change from baseline to 9-and 18-month assessments between intervention and control groups. 36 Univariate descriptive summaries will be provided as a preliminary analysis, and transformations will be sought for variables failing to meet distributional assumptions prior to subsequent analyses. An unstructured covariance matrix will account for serial correlations in outcome measurements within participants. 37 The model will constrain baseline means of the outcome to be equal in the treatment groups. Adjustment for the baseline level accounts for regression to the mean, thus increasing statistical power for estimating treatment effects. Linear contrasts will be constructed to estimate: (1) the mean difference in each outcome between the treatment groups at month 18, (2) the mean difference in each outcome between the treatment groups at month 9, and (3) the difference in the estimated treatment effects between months 9 and 18, and (4) the effect of the treatment on mean slope from baseline through month 18. The first comparison will be the primary assessment of treatment effect. The second comparison will evaluate early treatment effect, The third comparison will evaluate the persistence of the early effect to 18 months. The last comparison will provide an overall assessment of the treatment effect incorporating both follow-up visits.
Intraepidermal nerve fiber density will be a co-primary outcome and the primary physiologic measure for evaluating efficacy. The global NQOL-DN will be the other co-primary outcome. Because these 2 outcomes address fundamentally distinct questions, the statistical hypothesis tests will be performed on a comparison-wise basis using a 2-sided ␣ of .05 without adjustment for multiple comparisons. 38 Secondary analyses also will be performed on a comparison-wise basis, but study-wise type 1 error will be estimated using bootstrap resampling, 39 and interpretation of results will account for both comparison-wise and study-wise type 1 error rates.
The potential for bias due to attrition will be addressed through the mixed-effects modeling approach. This approach will mitigate the effects of attrition after the 9-month visit by incorporating data from baseline and 9 months for participants who subsequently drop out when estimating treatment effects at 18 months. Multiple imputation will be used to further limit the effects of missing outcome scores. 40 The imputation model will incorporate outcome measurements at the 3-month visit to reduce the potential for bias resulting from attrition after 3 months.
Mediation analyses will be performed using the conceptual model presented in the Figure. This analysis will explore the extent to which the intervention affects quality of life directly via a general health effect, independent of IENFD or mediated by IENFD.
Data monitoring. An independent safety monitor (Jennifer Majersik, MD, University of Utah) will review all significant adverse events (see below for details) or concerns about data inaccuracy on an ongoing basis with quarterly reports. The study will be modified or stopped if it is determined by the safety monitor in consultation with the University of Utah Institutional Review Board (IRB) and investigators that the outlined research plan is unsafe for participants.
Adverse events. Adverse events that are unexpected, related to study procedures, and place participants at increased risk of harm will be reported to the University of Utah IRB as soon as possible, but in all cases within 10 working days. An adverse event is considered unexpected if it is not a known risk of the study procedures and is not consistent with the expected natural progression of any underlying disease or condition of the participant. The Common Terminology Criteria for Adverse Events (version 4.0, 2010) 41 will be used to report the grade or severity of each adverse event. All grade 1 to 2 adverse events (mild or moderate) will be reported to the local site principal investigator; grade 3 to 5 adverse events will be reported to the primary principal investigator (J.R.S.) and the safety monitor at the University of Utah. Serious adverse events that are unexpected and possibly related to the study must be reported within 24 hours to the University of Utah IRB. Serious adverse events are defined as death, life-threatening events, hospital admission, permanent disability, or congenital anomaly.
Figure.
Conceptual model for the mediation analysis. This analysis will explore the extent to which the intervention affects quality of life directly via a general health effect (1) or via intermediary variables such as pain, sensory loss, fall risk, and mobility. The treatment effects can either occur independent of intraepidermal nerve fiber density (IENFD) effects (2) or be "mediated" by IENFD (3). Lastly, it is possible that a portion of the treatment benefit could be mediated purely by IENFD without influence of the other intermediate variables (4). DPNϭdiabetic peripheral neuropathy.
Ethics and Dissemination
Regulatory oversight for this study is provided by the University of Utah IRB. A reliance agreement was established for this study between the 2 institutions for consistency in the informed consent document and compliance with federal regulations. The reliance agreement established the University of Utah IRB as the authority for reviewing the study, approving consent forms, and reviewing protocol amendments. The KUMC IRB completed a facilitated review, with the decision to accept and rely on the approval issued by the University of Utah IRB.
The informed consent process will be initiated when potential participants meet with the primary investigators or other IRB-approved study personnel. At the meeting, the protocol will be described in detail, and the informed consent form will be reviewed in detail. Potential participants will be offered the opportunity to ask questions or take additional time to review. Once the consent statement has been signed, the participant will be enrolled, and screening assessments may proceed. Each participant in the ADAPT study will be asked to contribute DNA and serum plasma to a biobank as an optional item on the consent form. Access to these samples and guidelines for future study will be governed under the individual IRB agreements at the participating institutions.
Information about potential and enrolled participants will be kept confidential through secure storage of signed consent forms and printed study forms, storage of electronic data in the REDCap database, and encrypting data electronically transferred between the 2 study sites.
Financial and other competing interests will be managed via existing conflict of interest reporting and management systems at each participating institution. Any reported conflict will be addressed and resolved following established procedures.
The full protocol will be made available to investigators or members of the public upon request. The final trial data set will be available to the investigators at each participating institution. Once the data have been analyzed and the primary results published, the full data set will be made available to other investigators with a specific research question upon formal request in compliance with the agreed-on NIH data-sharing plan. The results of the ADAPT study will be made publicly available on ClinicalTrials.gov and disseminated to participants via an end-of-study newsletter.
Discussion
It is well known that lifestyle modification has substantial metabolic benefit for people with type 2 diabetes. The ADAPT study will address questions about benefits of an intensive exercise, sedentary behavior counseling, and dietary counseling specifically for people with DPN. Our preliminary data indicate that DPN may be more responsive than other diabetic complications to metabolic improvements due to the regenerative capacity of small unmyelinated axons. 8,9,33 These preliminary results and the design of the ADAPT trial build on a growing literature that addresses the benefits and feasibility of exercise and behavioral strategies to reduce sedentary behavior.
Exercise has consistently demonstrated benefits to metabolism and health outcomes in people with diabetes. [42] [43] [44] Ironically, patients with DPN have historically been cautioned to limit their activity to non-weight-bearing exercise out of concern for the risk of foot ulcers, infection, or neurogenic arthropathy (Charcot joint). 45 However, recent evidence suggests that a walking program does not increase the ulcer risk, 5,46 and greater improvements in endurance and activity level were found following weight-bearing exercise compared with non-weight-bearing exercise in people with DPN. 47 Emerging research has shown promising effects of exercise on functional neuropathy outcomes, including balance and fall risk, 48 -50 cutaneous reinnervation, 8, 9 and decreased pain and fatigue. 22, 51 These results have led to a paradigm shift in the use of physical activity to improve symptoms and decrease neuropathy complications. However, self-administered exercise programs may not be effective in this population, 52 and even supervised exercise is associated with frequent adverse events requiring ongoing modification of the exercise program. 22 Reduction of sedentary behavior is an alternative approach. Diabetic peripheral neuropathy in older adults is strongly associated with decreased activity level. 53 Sedentary behavior is associated with multiple metabolic risk factors, including increased waist circumference, high lipid and cholesterol levels, decreased glycemic control, and increased blood pressure. 10 -12 During prolonged sitting time, postural muscles are inactive, leading to reduced glucose uptake and unbalanced regulation of lipoprotein lipase, which is a key enzyme in lipid metabolism. 54, 55 Studies of interventions that target sedentary behavior have primarily focused on healthy adults. 24 -26 However, 2 recent studies 13,14 have investigated the effect of reducing sedentary time in people with diabetes. These small randomized trials demonstrated significant improvements in insulin sensitivity through the use of short-duration, light activity to reduce sustained sedentary time.
An intervention to reduce sedentary behavior is an attractive complement to exercise-based therapies because of minimal physiological stress or pain, reduced risk of adverse events, and potentially greater sustainability. A recent metaanalysis of interventions to reduce sedentary time reported promising results with multicomponent "lifestyle interventions" directed at physical activity or sedentary behavior with a dietary/ nutrition component. 24 Other recommendations from the literature include the use of objective measures to capture sedentary behavior, addressing sedentary behavior in home and daily environments and situations, and the application of behavioral modification theories and motivational interviewing with participants. 24 -26 The ADAPT protocol was designed by a collaborative, interprofessional team of physical therapist and neurologist researchers at 2 institutions. This study is of particular interest to physical therapists due these specific innovations: Based on preliminary results of our study team at both sites, we anticipate that participants in the intensive intervention group will experience significant increases in fitness, endurance, and activity level, resulting in weight loss and improvement in lipids and glycated hemoglobin. We expect that the rate of decline of IENFD at the distal thigh will be reduced by half over 18 months and that the NQOL-DN will improve significantly by 9 months and remain significantly improved for the duration of the study. A positive outcome of this study would support development of a multicenter effectiveness trial to explore the practical clinical utility of this type of intervention for DPN.
There are several weaknesses of our study design and potential study problems. Because the intensive intervention includes several distinct elements (exercise, sedentary behavior, dietary counseling), we will not know which of these components have the greatest influence on the outcomes. No information about dose effect of the intervention or sustainability of the intervention outside the 18-month period will be gained from the study. As with any long-term intervention study, we anticipate challenges with recruitment and attrition. We developed a strong recruitment plan, budgeted for funds to compensate participants after completing assessment and intervention sessions, and accounted for 20% attrition when calculating our sample size. Study recruitment and retention will be monitored closely throughout the study, and adjustments will be made as needed.
The ADAPT trial has the potential to demonstrate that an intensive lifestyle intervention approach may be a sustain- e. What are some ways that you can remind yourself to sit less and move more throughout the day?
i. Guide participant through environmental cuing
